Purpose: The purpose of this study was to characterize tissue-specific alterations in metabolism of hyperpolarized (HP) gluconeogenic precursors 13 C-lactate and 13 C-pyruvate by rat liver and kidneys under conditions of fasting or insulindeprived diabetes. Methods: Seven normal rats were studied by MR spectroscopic imaging of both HP 13 C-lactate and 13 C-pyruvate in both normal fed and 24 h fasting states, and seven additional rats were scanned after induction of diabetes by streptozotocin (STZ) with insulin withdrawal. Phosphoenolpyruvate carboxykinase (PEPCK) expression levels were also measured in liver and kidney tissues of the STZ-treated rats. Results: Multiple sets of significant signal modulations were detected, with graded intensity in general between fasting and diabetic states. An approximate two-fold reduction in the ratio of 13 C-bicarbonate to total 13 C signal was observed in both organs in fasting. The ratio of HP lactate-to-alanine was markedly altered, ranging from a liver-specific 54% increase in fasting, to increases of 69% and 92% in liver and kidney, respectively, in diabetes. Diabetes resulted in a 40% increase in renal lactate signal. STZ resulted in 5.86-fold and 2.73-fold increases in PEPCK expression in liver and kidney, respectively. 
INTRODUCTION
Fasting induces profound shifts in hepatic metabolism, sustaining systemic cellular respiration in the absence of dietary input. Among these, the mammalian liver exports large quantities of glucose by means of glycogenolysis and gluconeogenesis (GCN), supported energetically by the oxidation of fatty acids released from adipose tissues. With increasing duration of fasting and concomitant depletion of glycogen stores, GCN becomes the dominant mechanism of glucose export. Although the liver is the primary gluconeogenic organ during normal fasting, the kidneys supply substantial additional capacity, exporting increasingly significant quantities of glucose in extended fasting as well as diabetic and/or acidotic states (1) .
In addition to their key roles in other metabolic pathways, lactate and pyruvate serve as dominant glucose precursors for GCN. Lactate is generated largely in skeletal muscle as an end product of anaerobic glycolysis. Its redox partner pyruvate and decarboxylation product acetyl-CoA function as main biochemical hubs of carbohydrate, fatty acid, amino acid, and ketone body metabolism, providing common entry of these various energy sources into the Krebs cycle (2) . While some tissues can fully oxidize lactate itself as an energy source (3), circulating lactate is also the primary gluconeogenic substrate for both liver and kidneys (i.e., completing the glucoselactate or Cori cycle). Because lactate and pyruvate are both readily transported into liver and renal proximal tubule cells by means of monocarboxylate transporters and because pyruvate is the first intermediate formed by lactate during conversion to glucose (in a reversible oxidation step catalyzed by lactate dehydrogenase or LDH), both are effective primary gluconeogenic precursors (4) .
Similarly, circulating alanine also released from muscle serves as a secondary hepatic precursor also proceeding through pyruvate (i.e., completing the glucosealanine cycle) (2) , by means of a reversible transamination reaction catalyzed by alanine transaminase (ALT). Apart from these two dominant cycles, several other molecules including glycerol liberated from triglyceride fat stores and amino acids other than alanine (e.g., glutamine, a significant renal precursor) derived from muscle catabolism also serve as important gluconeogenic precursors by means of distinct pathways.
Given the central roles of lactate and pyruvate in cellular metabolism, there is a great demand for noninvasive methods to monitor localized metabolic activity of these substrates in vivo. Concerning their role as glucose precursors, establishing the relative role of liver versus kidney in the aberrant GCN of diabetes mellitus is an important biological question that can be addressed using HP 13 C MR of these substrates. GCN is of central importance to the pathophysiology of diabetes mellitus, accounting heavily for its characteristic fasting hyperglycemia. The differential regulation of hepatic and renal components is thought to be important but is as of yet poorly understood, due at least in large part to limitations of current methodology for studying localized metabolic changes in vivo (5) .
While there exist some potentially noninvasive methods for systemic investigations of GCN using isotopic tracers (e.g., D 2 O method) (6), prior methods to obtain localized data have been severely limited by their high degree of invasiveness and difficulty. For example, measurement of renal gluconeogenesis requires catheterization of the renal vein and lengthy isotopic experiments (7), both of which are impractical for routine clinical use, and extremely difficult if not impossible in small animals. By providing $50,000-fold nuclear magnetic hyperpolarization of 13 C-labeled compounds, dissolution dynamic nuclear polarization (DNP) has transformative potential for localized yet noninvasive studies of key biochemical pathways by MR spectroscopic imaging (MRSI), based on safe endogenous molecular imaging probes (8, 9) . A recent first-in-man imaging study demonstrates the safety and feasibility of this approach for investigating human disease (10) . The goal of this initial study was to investigate changes in the spectra of HP GCN precursors 13 C-lactate and 13 C-pyruvate in the liver and kidneys of fasted and diabetic rats in vivo.
Compared with HP 13 C-lactate (11, 12) , HP 13 C-pyruvate has been much more thoroughly studied as a primary tracer (9, (13) (14) (15) (16) , although no prior study has compared hepatic and renal components of data obtained using any HP GCN precursor during fasting or diabetes. As noted above both lactate and pyruvate are effective precursors, but under normal conditions circulating lactate is dominant; therefore, lactate is advantageous in its resemblance to the in vivo situation. While supraphysiologic quantities of pyruvate have generally been used for HP 13 C-pyruvate studies, similar quantities of lactate are much closer to the normal physiologic range, due to the higher normal concentration of lactate in vivo. Moreover, GCN from lactate and pyruvate proceed along theoretically different pathways: while oxidation of lactate directly supplies the cytosol with stoichiometric reducing equivalents necessary for GCN, the pyruvate pathway relies on additional redox steps (i.e., interconversion of oxaloacetate and malate) to shuttle the required energy between cellular compartments. Therefore, some important differences exist in the handling of lactate and pyruvate for GCN, of which the handling of lactate is arguably more relevant to the situation in vivo because lactate is the dominant GCN precursor.
We studied the effect of fasting and streptozotocin (STZ)-induced diabetes on localized metabolism of both lactate and pyruvate as HP 13 C probes. In vivo metabolic imaging of HP 13 C-lactate and 13 C-pyruvate with localization to the liver and kidneys was conducted in rats in normal fed, fasted, and diabetic states, using specialized 13 C MRSI acquisition techniques.
METHODS

Background on Methods for Probing Pathways of
Glucose Recycling Using HP 13 C-Lactate and 13 
C-pyruvate
The major pathways of glucose recycling are illustrated in Figure 1 , with possible fates of a 13 (17, 18) . Similar considerations also apply to the interconversion of HP pyruvate and alanine signals.
Rapid demagnetization of the label by means of molecule-specific T 1 relaxation (e.g., with a decay constant of 45 s for aqueous [1- 13 C]lactate at 3T) mostly precludes reliable detection of additional intermediates or products. Due to this rapid demagnetization, HP 13 C studies with metabolically active probes are generally limited to very rapid biochemical pathways. Early work in a perfused rat liver system established that intravascular lactate presented in high concentrations (e.g., 10 mM) to fasted liver is rapidly integrated into glucose and exported to the circulation (mean time of 80 s for conversion of lactate to blood glucose, with significant conversion occurring during the first 30 s) (4), suggesting that This rapid rate of GCN is not surprising given the very high rate of glucose usage in animals, particularly by the erythrocytes and the central nervous system. Because the entire plasma glucose pool is turned over on the timescale of 1 h, a fasting rat must synthesize several milligrams of glucose per minute by means of GCN. Although HP 13 C-glucose derived from these HP substrates cannot be directly detected due to rapid demagnetization of the label (due to dipolar coupling with protons directly bonded to the labeled carbons), differential conversion of the label among the observable primary intermediates could indirectly reflect local bulk shifts of glucose metabolism between glucose breakdown and glucose formation.
Animal Experiments
Seven newly mature male Sprague Dawley rats (age ¼ 8-12 weeks) underwent HP 13 C MRSI scans in both normal fed (standard rat chow) and fasted states, on separate days at approximately the same time of day (afternoon) separated by 4-14 days. Animals were fasted for 24 h but maintained free access to water. Seven additional newly mature male Sprague Dawley rats (same approximate age and weight) were scanned after selective ablation of beta cells by intraperitoneal injection of STZ, 60mg/kg (Sigma, St. Louis, MO), and confirmed diabetic by blood glucose level after 48 h. STZ is a widely used model of type 1 diabetes mellitus, which is characterized by an acute loss of endogenous insulin production due to destruction of beta cells, as opposed to type 2 diabetes mellitus, which is a much more common, chronic condition characterized by insulin resistance and beta cell dysfunction in varying proportions. After confirming the development of diabetes, each diabetic rat was scanned 24-36 h after withdrawal of insulin supplementation. Other than inducing diabetes by means of toxicity to beta cells, STZ can cause proteinuria by means of a direct toxic effect on the kidney, but no other aspects of renal function are known to be affected directly by STZ (20) .
Before each scanning session, all rats were anesthetized by inhalational isoflurane (1.5%, gas flow rate 1 L/min) and a lateral tail vein catheter was implanted for introduction of HP 13 C media. The rat was positioned supine in a clinical 3 Tesla (T) MRI scanner (GE Healthcare, Waukesha, WI) inside a custom dual-tuned 13 C/ 1 H quadrature transceiver radiofrequency (RF) coil (l ¼ 8 cm; d ¼ 5 cm) on an embedded heated water pad. The animal studies described in this manuscript were specifically approved by the University of California San Francisco Institutional Animal Care and Utilization Committee (UCSF IACUC, protocol #AN108035).
Dissolution DNP
The recent commercial availability of a pure acid form of 13 C-labeled lactate (Sigma), which like in the case of pyruvate exhibits greatly improved polarization by dissolution DNP over the sodium salt, has facilitated this work (12) . At the same time, it also presented a unique challenge due to slight spectral contamination by dimeric and/or oligomeric forms of lactate found in these samples, due to the tendency of lactic acid to selfpolymerize at high concentrations. This challenge was addressed by applying a novel pulse sequence strategy for spectrally selective suppression of these undesired spectral components as described below. For the lactate experiments, neat [1- 13 C]-L-lactic acid, a solid at room temperature (melting point ¼ 53 C), was dissolved in a small quantity of distilled water ($10% by volume) and mixed with 15 mM trityl radical OX063 (Oxford Instruments, Tubney Woods, UK) and 1.0 mM Dotarem (Guerbet, Roissy, France) to improve the polarization. This addition of water reduced the concentration of labeled nuclei; therefore, the maximum achievable polarization, but was done to liquify the pure solid lactic C MR experiments with 13 C-lactate (A) and 13 C-pyruvate (B). Each experiment consisted of both scans run successively in a single session. Each polarization buildup lasted $1 h, followed by rapid dissolution and transfer to the MRI scanner, followed by intravenous injection into the rat and rapid data acquisition.
acid. The alternative of heating the lactic acid was not chosen, because this could facilitate polymerization.
Detailed procedures for preparation of the [1-
13
C]pyruvate samples have been described elsewhere. Each HP sample was polarized by DNP for $1 h in a commercial Hypersense system operating at 3.35 T and 1.3 K (Oxford Instruments), and subsequently rapidly dissolved in 4.5 mL NaOH/Tris buffer, to bring the solution to the desired range of concentration and pH. Lactate attained polarization of $26%, back-calculated to the time of dissolution (based on the measured T 1 ¼ 45 s). C]pyruvate, respectively. Rats were infused with $2.5 mL HP solution (160 mM lactate or 80 mM pyruvate) over 12 s, followed by data acquisition. Both scans were designed to discriminate hepatic and renal components of HP tracer uptake and metabolism, but differed in the details of the MRI acquisition strategy. The experimental protocol is summarized graphically in Figure 2 .
Lactate-derived signals were localized by threedimensional (3D) MRSI with excitation of an axial slab covering both organs and double spin echo refocusing, with echo planar spectroscopic imaging (EPSI) for fast MRSI of a single 3D spectroscopic image (21) . The acquisition parameters were: matrix¼ 6 Â 6 Â 16, FOV ¼ 9 cm Â 9 cm Â 24 cm, 15 mm isotropic spatial resolution, variable flip angle over phase encodes to expend all magnetization (22) , centric view ordering with acquisition starting at 30 s after start of infusion. Suppression of a confounding dimeric/oligomeric resonance in the vicinity of product [1- 13 C]alanine was achieved by spectrally selective presaturation of this region of the NMR spectrum during the bolus infusion (23) , exploiting the quenchable nature of HP magnetization. The resonance had an amplitude of $3% of the lactate peak, with similar T 1 ($43 s versus 45 s for lactate).
A train of 16 consecutive spectrally selective 90 maximum phase Shinnar-LeRoux RF pulses (24) with attendant spoiler gradient pulses was applied with repetition time 1 s, covering the entire duration of infusion. Each pulse had a duration of 20 ms and nominal suppression bandwidth of 125 Hz. Because suppression is practically limited by RF inhomogeneity, distributing the suppression pulses throughout the infusion ensures that each spin experiences at least one pulse that is very close to 90 as it passes near the center of the coil. A nonconfounded contaminant resonance also found in the spectrum served as a useful internal control. In a separate control experiment, the described presaturation approach was found to eliminate the signal of this nonconfounded resonance of similar intensity and T 1 relaxation time almost entirely. The described approach does not perfectly eliminate the contaminant signal but does provide a high degree of signal suppression.
For the pyruvate experiments, signals were localized to one of two adjacent axial slabs acquired sequentially, designated the liver and kidney slabs, respectively. Although each axial slab encompassed some additional tissues, based on prior experience with HP infusions the dominant contribution to each slab's signal at these time points was from the respective organ, with some small partial contamination by other tissues in the slice (25) . Each rat was fully extended in the coil such that the liver and kidneys were well differentiated by adjacent axial slabs (thickness % 17 mm, inter-slab gap ¼ 3 mm), although a small amount of overlap is unavoidable. Each slab was excited repeatedly every 3 s by 20 excitation with double spin echo refocusing as above, over a period of 60 s starting 20 s after the start of infusion.
High bandwidth slab-selective excitation (>2kHz) ensured minimal chemical shift misregistration within the slabs. The rationale for coarser localization of the pyruvate signals was to maximize the likelihood of detecting low levels of additional intermediates such as oxaloacetate or aspartate, such as reported previously following infusions of HP [1- 13 C]pyruvate (15, 26) . Based on the relatively low SNR of these reports, it is unlikely to be possible to further localize these signals, even by spatial signal averaging in postprocessing, which does not recover the full originally available SNR.
For anatomic reference, whole rat 1 H MRI images were also acquired using a coronal 3D balanced steady state free precession (bSSFP) acquisition (0.6 mm isotropic resolution, TE/TR ¼ 2.5 ms/5.0 ms, scan time ¼ 4 min, 55 s). The 1 H image data was reformatted for overlay of 13 C MRSI data.
FIG. 3. Coronal MRSI of HP [1-
13 C]lactate in fed rat. Localized spectra were integrated to produce 3D metabolite images (color) of lactate and HP products alanine and pyruvate, shown overlaid on 1 H SSFP anatomic images (grayscale) using OsiriX. Volume renderings of 3D liver and kidney ROIs generated in OsiriX for data analysis are also shown.
Data Analysis
Metabolite peak areas localized to kidney and liver regions were tabulated for lactate, pyruvate, alanine, pyruvate-hydrate, and bicarbonate where applicable. For each comparison, magnitude spectra were integrated over a fixed range of offset frequencies from each peak center. The dynamic data were summed over time. For the lactate experiments, 3D MRSI data were reconstructed using the open source SIVIC package (27) , and metabolite peak areas were loaded into OsiriX (28) as imaging data using a SIVIC function that generates quantitative images for each metabolite in 3D enhanced DICOM format. Mean tissue-specific signals were isolated by manually drawing regions of interest (ROIs) on the anatomic 1 H imaging data, which were then automatically transferred to the 13 C images for computing ROI statistics by means of built-in OsiriX functions, as shown in Figure 3 . Because both fed and fasting studies were conducted in the same rats, fed and fasted metabolic profiles were compared by means of paired, twotailed Student's t-tests, while diabetic profiles were compared with the normal fed state using the corresponding unpaired test. These tests, of course, rely on an implicit assumption that the data are normally distributed, which should reasonably describe experimental sources of error in our studies.
Measurement of PEPCK Expression Levels
Phosphoenolpyruvate carboxykinase (PEPCK) is considered to be the rate-limiting enzyme of gluconeogenesis, and PEPCK expression is a widely used marker of gluconeogenesis (29) . We measured expression levels of PEPCK in liver and kidney tissues of the seven STZ-treated rats and seven additional vehicle-treated controls, using quantitative polymerase chain reaction (PCR) analysis. Diabetic rats were treated with insulin until 36 h before organ harvesting. Liver and kidney RNA was prepared and analyzed using standard techniques (30) . Rats were anesthetized with isoflurane and both kidneys and segments of liver were removed and flash frozen in liquid nitrogen and stored at À80 C; animals were then killed per protocol. Frozen whole kidney and liver sections were pulverized using mortar and pestle under liquid nitrogen followed by homogenization in Trizol using a Dounce homogenizer and phase separation with chloroform. Following centrifugation, the aqueous phase was removed and RNA was extracted using an RNeasy Mini kit (Qiagen, Hilden, Germany) with on-column DNase I digestion (Qiagen). cDNA was then generated using iScript cDNA synthesis kit (BioRad, Hercules, CA). Quantitative real-time PCR was performed using the StepOnePlus system (Thermo Fisher, Watham, MA) with iTaq Universal SYBR Green master mix (Bio-Rad). The values for PEPCK expression levels were calculated by comparative C T method with normalization to b-actin (31).
RESULTS
Multiple sets of notable metabolic modulations were detected in association with fasting and STZ diabetes, as described in the following sections. To reduce potential variation between experiments due to level of polarization, concentration and volume of infusion, and tissue perfusion, among other factors, we report metabolite ratios as opposed to the raw metabolite signals.
FIG. 4. In vivo HP
13 C MR spectra obtained from liver (top row) and kidney (bottom row) slabs of a representative normal rat following injections of HP 13 Cpyruvate, in both normal fed (left column) and fasting (right column) states. These spectra clearly depict the large reduction of 13 C-bicarbonate signal detected in both organs with fasting. Spectra are zoomed to show the 13 C-bicarbonate peak. Corresponding unzoomed spectra are also included as insets in each figure panel for reference. NMR signal magnitude is shown, by convention.
Effect of Fasting
Metabolite profiles of the HP pyruvate, lactate, alanine, and bicarbonate resonances (e.g. as depicted in Figure 4) were investigated. Inspection revealed that fasting resulted in three main modulations of these profiles in comparison with the normal fed (control) condition. First, in fasting, the ratio of HP bicarbonate signal to total 13 C signal was lower than control by 52% and 46% in liver and kidney slabs, respectively (P 5 0.004, 0.012; see Figure 4 for representative spectra, and Figure 6 for summary quantitative data). Second, in fasting, the ratio of HP alanine signal to total 13 C signal was lower by 13% and 12% in liver and kidney slabs, respectively (P 5 0.001, 0.013). These first two results were derived from the experiments with pyruvate as the primary HP substrate. Third, in fasting, the ratio of HP lactate to alanine was 54% higher specifically in the liver (P 5 0.019), but no significant effect in kidney was observed. This third result was obtained with lactate as the primary HP substrate. Except for sporadic detection of a very small additional resonance just upfield from [1- 13 C]alanine, probably [1- Figure 4 were reproducibly detected. The appearance of this peak was not correlated with fasting.
Effect of STZ Diabetes
The HP metabolite profile of insulin-deprived STZ diabetes generally resembled a more pronounced version of fasting with some interesting exceptions. First, in STZ diabetes as compared with the normal fed condition, the ratio of HP bicarbonate to total 13 C signal was lower by 38% and 49% in liver and kidney slabs, respectively (P 5 0.060, 0.0061; data quantified below in Figure 6 ). Of interest, the magnitude of the reduction of the hepatic bicarbonate signal was actually smaller in diabetes than fasting, and unlike kidney, did not meet statistical significance in this study. A potential explanation for this effect related to the extraordinarily high level of GCN in the STZ diabetic state is discussed below. Second, for the same comparison of STZ diabetes as compared with the normal fed condition, the ratio of HP alanine to total 13 C signal was also lower by 26% and 30% in liver and kidney slabs, respectively (P 5 0.007, 0.005). These first two results were again derived from experiments with HP pyruvate as the primary substrate.
Third, for the same comparison of STZ diabetes as compared with the normal fed condition, the ratio of HP lactate-to-alanine was 69% higher in liver (P 5 0.007), and 93% higher in the kidneys (P 5 0.004). This result was obtained with HP lactate as the primary substrate. For a convincing display of this result, HP lactate-toalanine metabolite ratio images from one STZ rat that was scanned in both baseline and post-STZ states is shown in Figure 5 . Fourth, STZ diabetes additionally resulted in increased production of HP lactate from primary injected HP pyruvate in the kidney slab. The renal HP lactate-to-pyruvate ratio was elevated by 40% (P 5 0.047). Full quantitative results from both the fasting and diabetes studies are summarized in Figure 6 , which best illustrates the generally graded intensity of changes observed in fasting and diabetes.
PEPCK Expression Levels
As shown in Figure 7 , PEPCK expression was found to be 5.86-fold higher in liver (P 5 0.0099, unpaired t-test) and 2.73-fold greater in kidney (P 5 0.0324, unpaired t-test) of STZ-treated rats as compared with vehicle.
DISCUSSION
Lactate and pyruvate are key metabolites involved in several important metabolic pathways, including a prominent role as glucose precursors in GCN. Previous investigations have suggested that the kidney is an important source of systemic glucose derived from GCN, particularly in prolonged fasting, and in diabetic states (1, 5, 32) . However, progress in this area has been severely limited because studies have required highly invasive techniques, with limited utility. The results of the present study demonstrate the feasibility of 13 C MRSI of HP gluconeogenic precursors for noninvasively tracking local alterations in the signals of selected key intermediates in glucose metabolism in response to fasting and diabetes, spatially resolved to the liver and kidneys. Organspecific signal changes were detected with generally graded intensity from fasting to STZ-induced diabetes, particularly in the kidneys, consistent with the interpretation of diabetes as a "perceived" state of cellular starvation, and supporting a significant role for the kidneys in disease pathogenesis.
The changes in several of the MRSI signals could be interpreted as metabolic consequences of fasting and/or insulin deficiency. During fasting, high levels of acetylCoA due to breakdown of fatty acids potently inhibit PDC (33) , potentially leading to the reduced 13 C-bicarbonate signal observed with fasting. Acetyl-coA likewise stimulates, and is in fact required for, carboxylation of pyruvate by pyruvate carboxylase (PC), the first committed step in GCN from the main precursors. Surprisingly, however, the hepatic bicarbonate signal partially rebounded in the diabetic rats relative to fasting, although the somewhat low SNR of the bicarbonate peak limits the certainty of this finding. Metabolic flux through phosphoenolpyruvate carboxykinase (PEPCK), thought to be a primary regulatory point of GCN, could theoretically also have yielded [
13 C]bicarbonate signal. Although cleavage of PEP occurs at the distal end of the carbon backbone from the C 1 label, the label could distribute symmetrically at both ends if conversion proceeds through fumarate (i.e., by means of interconversion with malate during shuttling of reducing equivalents), leading to the preliminary suggestion by an earlier report that [ 13 C]bicarbonate signal could actually mark GCN in a perfused liver system (15) . A subsequent report mostly rejects the applicability of this suggestion in vivo, attributing the prior preliminary result to the octanoate content of the liver perfusate (34) . Our data from a larger, in vivo fasting subject group likewise suggests that appearance of bicarbonate signal in vivo is, like in the heart, most likely tied primarily only to flux through PDC (14) . Of interest, however, the partial rebound in diabetic rats could be due to the especially high PEPCK activity in this case.
Considering that lactate is the primary gluconeogenic precursor, and liver is the primary gluconeogenic organ in short-term fasting as performed in this study, the liver-specific elevation of HP lactate-to-alanine ratio (derived from HP lactate injections) in fasting may reflect the expected local bulk metabolic shift in glucose metabolism toward glucose formation. Multiple studies support a smaller but still significant role for renal GCN even in short-term fasting conditions similar to our study. Studies in dogs and humans have shown that overnight fasting results in a $30% contribution of renal GCN to total GCN (35, 36) . This could account for the detected effect of fasting on renal HP alanine signal (in the case of HP pyruvate injections). The renal component of GCN is expected to rise very substantially during a longer fast, or diabetic and/or acidotic conditions. The detected modulations were, in fact, magnified and fully expanded to the kidneys in the diabetic state.
The PEPCK expression data obtained in STZ-treated rats in this study support a significant elevation of renal gluconeogenesis in addition to its hepatic counterpart in diabetes. There are several possible explanations for the reduced HP alanine signal level observed during fasting, which has also been observed previously in the liver under similar experimental conditions, with similar magnitude (37) . One possible mechanism is increased usage of alanine as a gluconeogenic precursor during fasting (i.e. a shift of the glucose-alanine cycle toward glucose production), due to changes in ALT and/or downstream enzymes resulting in the observed reduction of alanine levels.
However, comparable reductions were observed for both liver and kidney in the case of the HP pyruvate studies, although only the liver would be expected to use alanine significantly. Under normal conditions, renal usage of alanine is only approximately 10% relative to lactate (38) . Another possible explanation is enhanced competition of aspartate transaminase with ALT for glutamate during fasting. GCN from lactate relies largely on transamination of oxaloacetate with glutamate to transfer its carbon backbone to the cytosol for further steps in GCN. Such an effect could theoretically explain the larger effect on alanine levels observed in the HP lactate experiments.
While we find these results extremely promising, the results should be interpreted with a few potentially significant limitations of the described approach in mind. Although based on prior HP imaging studies we expect the HP signals in the described liver and kidney slabs to be dominated by the respective organs, this gross type of localization is imperfect and does likely thus include some mixing of metabolism from adjacent tissues and the blood pool. This consideration only applied to the HP pyruvate data, which was acquired in this manner, but also complicates comparison with the HP lactate data, which was more fully localized.
Comparison of the results of injections of HP lactate and pyruvate is also complicated by the difference in the time points that were sampled, because the pyruvate data consisted of the summation of signals acquired over 60 s, while the lactate data consisted of only a single time frame acquired 30 s after the start of injection. The supraphysiologic levels of pyruvate used in this study are also a potential limitation, but this is not a major concern as long as the data are interpreted correctly. This limitation can be addressed by the use of lactate injection. A potential complication of our fed versus fasted study protocol is an inability to precisely control the "fed" condition. While the fasted condition is wellcontrolled, the "fed" rats could have substantial variation in the time elapsed since the last meal. Considering that scans were conducted in the afternoon although rats typically feed at night, some of the "fed" rats may actually have been fasting for a few hours. This issue could be addressed through gavage feeding.
In summary, viewed together, the lower levels of production of bicarbonate and alanine from HP glucose precursors in both liver and kidney in gluconeogenic states strongly suggest higher flux through the GCN pathway as compared with alternative metabolic fates. Thus the pattern of detectable intermediates of glucose metabolism derived from HP 13 C lactate and/or pyruvate could help define a metabolic signature of GCN which could be extremely valuable for preclinical and ultimately perhaps clinical studies of the differential regulation of hepatic and renal components of GCN in diabetes. The observed elevated production of lactate in the kidney in diabetes on the other hand strongly suggests localized activation of LDH and alteration of the normal renal cytoplasmic redox state, probably resulting from hyperglycemia by means of activation of the polyol pathway (39) . This finding is in agreement with the results of a prior initial renal HP 13 C MR study of STZ-induced diabetes (40) .
CONCLUSIONS
The intermediary metabolism of gluconeogenic precursors [1- 13 C]lactate and [1-13 C]pyruvate can be monitored noninvasively in vivo using HP 13 C MRSI. Localized changes in the HP metabolic spectra of these probes in the liver and kidneys were detected in states of increasing GCN activity, with generally graded intensity of response from fasting to diabetes. These HP 13 C methods could be extremely useful for noninvasive monitoring of hepatic and renal components of GCN in future preclinical and ultimately clinical studies.
